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Abstract The possible causal role of the environment in 
health disparities is not well understood, even though it has 
been a national priority for many years. Progress to investigate 
the relationship between genetics, environmental exposures, 
and health outcomes has been hampered by the lack of ana­
lytical tools to quantify the combined or cumulative effect of 
multiplechemical and non-chemicalstressorson gene expres­
sion. The studies cited here provide a strong rationale for 
usingepigenomicanalysistoassesscumulativeriskfrommul­
tiple environmental exposures over the life course. The 
en vi ronment-specificBi mpri ntsA on the genome, coupled with 
transcriptomicsand metabolomics,can be used to advance our 
understanding of the relationship between neighborhood dis­
advantage and health disparities. 

Keywords Epigenetics · Epigenome ·Genetic · DNA 
methylation· Environmental health ·Health disparities 

Introduction 

Recent advances in cell and molecular biology have greatly 
enhanced our abi I ityto elucidate the role of the environment in 
the etiology of common non-communicable diseases (e.g., 

This article is part of the Topical Collection on Environmental 
Epigenetics 

* Kenneth Olden 
Olden.Kenneth@epa.gov1 

Heather A. Olden 
oldenh@umich.edu 

Yu-Shenglin 
Lin.Yu-Sheng@epa.gov 

Office of Research and Development, National Center for 
Environmental Assessment, U.S. Environmental Protection Agency, 
1200PennsylvaniaAvenue,N. W., Mail Code: 8601P, 
Washington, DC 20460, USA 

2 Pub I ic Health Sciences Department, Henry Ford Health System, 1 
Ford Place, Detroit, M I 48202, USA 

cancer, type 2 diabetes, and cardiovascular disease). Over 
the past decades, the so-called revolution in genomics has 
transformed our understanding of the role of environmental 
stressorsi n the development of complex phenotypes. Contrary 
to our original expectation, we now know that genes do not 
determine biological fate; they establish a range of possible 
phenotypic outcomes through complex interaction with the 
environment A second unexpected finding is that gene ex­
pression is regulated by both genetic (e.g., DNA nucleotide 
sequence)and epigenetic mechanisms. 

To date, the three best known epigenetic mechanisms, col­
lectively part of the epigenome, include DNA methylation, 
chemical modificationof the histone component of chromatin, 
and alteration in the expression of short non-coding RNAs 
(e.g., These potentially durable and environment­
specific modifications provide a plausible mechanism to ex­
plain how differential exposures associated with living in a 
disadvantaged neighborhood can become biologicallyembed­
ded, with long-lasting and even possibly transgenerational 
effects on human health. This new era of science has a great 
potential to fundamentally change our understanding of the 
causes of significant common diseases. 

Neighborhood Context Matters 

Exactly why neighborhood or environmental context matters 
for human health and disease remains largely unknown. To 
date, the design of studies is less well suited to address this 
question because the appropriate tools have not been avail­
able. To increase our understanding of how neighborhood 
influences human health, one must expand the concept of 
the environment to include both chemical and non-chemical 
stressors. That is, environmental exposures need to be consid­
ered in the context of the community or social environment in 
which people actually I ive. Although researchers acknowl­
edge that neighborhood-associateddifferences in health out­
comes may have mu I ti pie determinants, most efforts sti II con­
centrate on the investigation of single risk factors. 
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The risk assessment practice typically focuses on one haz­
ardoussubstanceat a time and on one or a small number of 
health endpoints, and does not take into consideration the 
cumulativeorcombined impactofexposureto multiplechem­
ical and non-chemical stressorsover the life course. Of note, 
even though the health risk caused by a single stressor may be 
small, the public health consequences of cumulative exposure 
to multiple risk factors can be substantial in the population. 
Therefore, there is a need to assesstheeffectsof cumulativeor 
combined exposure to multiple environmental stressors and 
this requiresthedevelopmentof tools to integrate community 
characteristics into the risk assessment-risk management par­
adigm. For example, it has been suggested that epigenetic 
modifications can theoretically represent every chemical and 
non-chemical stressor to which populationsare exposed from 
conception to death [1 , ]. This includesendogenous(e.g., 
hormones or oxygen radicals) and exogenous (e.g., diet, 
stress, air pollutants) agents. It has been repeatedly observed 
that environment-induced epigenetic influence persists even 
after the stressors have long gone. This observation suggests 
that signatures or profi lesof DNA methylation, histone mod­
ification, and non-codingRNAscanserveasa long-termbio­
marker of past exposures, providing a powerful approach to 
examine the relationship between neighborhood context and 
healthoutcome[2]. By combiningepigeneticsignatureswith 
other B-omicA technologies including transcriptomics and 
metabolomics, one can identify metabolic pathways affected 
by neighborhood disadvantage. 

Health Disparitiesand SocioeconomicPosition 

Health disparities remain a significant pub I ic health problem 
in the United States. As compared to whites, African Ameri­
cans have 1.3-fold higher risk of dying from coronary disease, 
1.8-fold higher for diabetes, and 2-fold higher for hyperten­
sion [3, 4]. Environ mental justice advocates and researchers 
have long maintained that this increased prevalence of mor­
bidity and shorter life expectancy among racial minority 
groups and socioeconomically BdisadvantagedA versus 
E?advantagOOA populations are due to disproportionate expo­
sure to environmental hazards [5, In fact, studies confirm 
that environmental risks are not uniformly distributed among 
the U.S. populations [7, Minority, the elderly, and socio­
economically disadvantaged communities are often dispro­
portionately exposed to higher levels of hazardous environ­
mental chemicals [9]. These so-called Bhigh-en~ exposures 
represent levels of exposures that the general population does 
not encounter. Furthermore, these out I iers are not captured in 
traditional risk management practices. 

Whereas the exact causes of health disparities are un­
known, they are likely due to multiple risk factors associated 
with poverty, includingdifferencesin access to health care and 
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healthy foods, mental stress related to neighborhood violence, 
exposure to higher levels of environmental pollutants, and 
unhealthy behaviors [1 0]. Genetic variation could also play a 
role. However, there is very I ittleevidenceto support this view 
and several findings are not supportive of a significant causal 
role for genetics [11]. 

In contrast, numerous studies support the view of the dis­
proportionate exposure to multiple extrinsic factors in 
BdisadvantageA neighborhoods. For example, air pollution 
studies comparing inner city neighborhoods found that there 
issignificantvariabi I itydue to traffic patterns and siting of bus 
depots, incinerators, and manufacturing faci I ities. Socioeco­
nomicallydisadvantagedcommunitiesin NewYorkCitywere 
often disproportionately exposed to polycyclic aromatic hy­
drocarbons(PAHs)and particulates[12-14]. For example, six 
bus depots are located in Harlem and Washington Heights, 
predominantly African American and Hispanic communities. 
Similarly, smoking, malnutrition, and pesticide use are also 
more prevalent in these neighborhoods[15]. 

When comparing the three neighborhoods in New York 
City reported to have the worst health status with the three 
neighborhoods with the best health status (Fig. ), 
sociodemographics (Fig. such as poverty and minority 
statuswerestronglyassociatedwith the worst health outcomes 
(Fig. Studies are underway in our laboratory to test our 
prediction that the epigenomeof populations with such dispa­
rate health outcomes may have been uniquely programmed by 
neighborhood exposures (depicted schematically in Fig. 
As such, one can use neighborhood profiles to identify gene 
pathwaysresponsiblefor poor health outcomes of populations 
exposed to neighborhooddisadvantage.Theabilityto identify 
neighborhoods at increased risk for developing common dis­
eases, related to varied socioeconomicstatus (SES) and envi­
ronmental exposures, is a public health priority. 

Epigenomeas a Biomarker for Cumulative Risk 

Over the past 20 years, there has been a dramatically increas­
ing interest in neighborhood effects on health [16]. In this 
paper, we further elaborate on our earlier hypothesis about 
how neighborhood en vi ron mental exposures interact with in­
trinsic biological factors (e.g., genes, age, and gender) to in­
fluence health outcomes [2 ]. According to our model, 
advantaged and disadvantaged neighborhoods differentially 
BimprintA the epigenome, and these durable modifications 
can be detected as an exposure signature. These 
environment-induced epigenetic modifications can be used 
as a biomarker in epidemiologicstudies to assess the cumula­
tive impact of lifetime exposures to multiple chemical and 
non-chemical stressors. This proposed thesis lays groundwork 
for our understanding of how the epigenome can be used to 
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Fig. 1 New York City is the most diversecity in the us-a fact reflected 
in the distinct character of the city's 42 neighborhoods. Here, three 
neighborhoods with the worst health status are compared with three 
best health status with respect to a sociodemographiccharacteristicsand 

explore the mechanism(s) by which neighborhood disadvan­
tage is translated into health disparities. 

Numerous findings are consistent with this hypothesis in 
that they have shown that exposure to chemical, social and 
behavioral factors leave their imprint on the epigenome [1 ]. 
For example, aberrant DNA methylation, histone modifica­
tions, or altered expression of short non-coding RNAs can 
be induced by a variety of environmental agents, including 

Tobacco Use{%) 
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Asthma(%) 

0 25 50 

Racial composition(%) 
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II! Black & 
Hispanic 

Other races 
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Death Rate (per 100,000 people) 
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b adverse health outcomes. Data were extracted from STake Care New 
York A, New York City Department of Health and Mental Hygiene, 2006 
Report. Death rate refers to the average annual death rate in 2003-2004. 
Abbreviation: NYC New York City 

chemical pollutants, nutrition, stress, behavior, and socioeco­
nomic position (SEP). Furthermore, most if not all, diseases 
are associated with epigenetic changes, many of which alter 
gene expression and susceptibility to disease. case control 
studies have shown that epigenetic profiles, obtained using 
tissue from peripheral blood, can be used to distinguish be­
tween healthy controls and individuals with various disease 
phenotypes Epigenetic changes and their influence 
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Histone Modification 

Chromatin remodeler 

Chromosome 

Short non-coding RNAs 

Shortnon­
codingRNAs 

(e.g., miRNA) - Methylation 

Acetylation 

Phosphorylation 

Fig. 2 Proposed framework that i ntegratesneighborhood-speci fioepigenorne profi leswi th cumu lativerisk assessment to addressenvi ron mental justice 
issues. (Parts of the images were adapted with permission from Biomedical PowerPointToolkitSuite) 

on gene expression are best understood for tumor suppressor 
genes and cancer 

Borghol et al. ] showed that low SEP during childhood 
is associated with increased morbidity later in adulthood and 
differential DNA rrethylation. For example, the number of 
differentially rrethylated genes was more than two times 
higher (1252 versus 545) when exposures occurred during 
childhood versus adulthood. This suggests that the conse­
quences of epigenetic modifications are more pronounced if 
exposure to low SEP occurs during growth and development. 
Furthermore, by querying gene databases to gain insight on 
the functional relevance, the differentially rrethylated genes 
were found to beBover-representedin particularpathwaysand 
functional categories'\ such as mitogen-activated protein ki­
nase (MAPK), cytokine signaling, and DNA rretabolism. 
Even stronger support for our hypothesis Wffi their finding 
that the childhood exposed imprinted epigenorre could still 
be detected in blood tissue extracted from individuals45 years 
of age. 

Similarly, Milleret al. [23] had also noted that early life 
exposure to extrerre poverty leaves a Bbiological residue'\ 
manifested by significant down regulation of genes for the 
glucocorticoid receptor, which regulates the secretion of cor­
tisol and its inflammatory effect on the immune system. Low 
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SES is also correlated with heightened expression of NF-KB 
and the production of the proinflammatorycytokine interleu­
kin 6. They suggested that the chronic expression of these 
factors probably contribute to exaggerated adrenocortical re­
sponses which promotes aging and risk for chronic diseases. 
Early nurturing experiences also influence epigenetic pro­
gramming of the glucocorticoid receptor gene promoter in 
the hippocampusof rodentsand humans[24]. 

Likewise, cord blood derived from newborns of mothers 
who smoked or were depressed, has been linked to altered 
global DNA rrethylation [25]. Smoking during pregnancy 
was also associated with change in the expression levels of 
622 genes and the rrethylation levels of 1024 CpG sites in 
DNA form the placenta [26]. Pathway analysis of differential­
ly rrethylatedgenesshowed that they played a role in oxida­
tive phosphorylation. When the epigenetic changes were ana­
lyzed in cord blood leukocytes, it Wffi found that 26 CpG sites 
in 10 genesdifferentiallyrrethylated in smokerswerestatisti­
callysignificant.Similarly,Wildetal. [27] showed that indi­
viduals exposed to cigarette smoke have differential DNA 
methylation and gene expression profiles. Finally, 
McGuinnesset al. showed that there Wffi an C£SOCiation 
between global rrethylation of DNA, sociceconomicstatus, 
I ifestyle, and biomarkers for cardiovasculardiseC£8. 
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It is well established that a link exists between nutrition 
status, critical periods of development, disease pathogenesis, 
and epigenetic modifications . Dietary restriction during 
pregnancy reduces methylation of the promoter of the gluco­
corticoid receptor genes involved in hormone-induced stress 
response and hypertension, with increase in expression of the 
glucocorticoid receptor. Food deprivation during pregnancy 
also resulted in low birthweight babies that were at high risk 
for development of type 2 diabetes and coronary heart disease 
in adulthood . The effects of food deprivation was 
transgenerational in that grandchildren of the same gender as 
the in utero exposed individuals had increased risk for multi­
ple diseases [31]. In summary, multiple human studies have 
confi rmedthat epigeneticprogrammingcan occur during both 
adulthood and embryonic development [32]. Such studies 
provide a mechanistic basis for the Barker hypothesis that 
adult diseases have their origins during embryonic develop­
ment 

Despite improvements in the quality of the air since the 
passage of the Clean Air Act in 1963, adverse health effects 
from exposure to air pollutants, such as ozone, particulate 
material, PAHs, lead, and N02 are still common occurrences. 
It has been estimated that air pollution contributes about 6% 
of total human mortality [34]. Numerous studies have shown 
that exposure to high levels of air pollutants increase rates of 
hospital admissions and deaths from lung and cardiovascular 
related disorders, and that asthma prevalence was most con­
sistently associated with socioeconomic status. 

Exposure to air pollutants is also associated with epige­
nome modification. For example, diesel exhaust particulates 
altered theexpressionof short non-coding RNAsand histones 
in human airway epithelial cells; and network analysis of the 
12 most altered short non-coding RNAs showed that they 
were part of the inflammatory response pathway associated 
with disease pathogenesis Exposure to PAHs and 
PM25 have modest effects on the global methylation of the 
promotersequencesof genes involved in cancer, cardiovascu­
lar, and respiratory diseases Exposure to air pollution is 
also associated with hypermethylationof candidate genes that 
play a role in the pathogenesis of asthma (e.g., the transcrip­
tion factor interferon gamma) 

Remarkable progress in epigenomic technologies has 
been made recently in identifying possible interactive events 
among exposure to air pollutants, development of cardiovas­
cular and pulmonary dysfunctions, and epigenetic modifica­
tions. For example, both acute and chronic exposure to 
metal-rich PM2 5 were shown to be associated with increased 
risk for cardiovascular anomalies, such as variation in heart 
rate, systematic inflammation, and alterations in DNA meth­
ylation levels in Alu retrotransposonsand long interspersed 
nuclear elements 1 (LINE-1)[41]. While the mechanisms by 
which Alu and LINE-1 methylation levels cause cardiovas­
cular effects are largely unclear, a possible mechanism is the 
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generation of reactive oxygen species. Exposure to PM25 

can also induce oxidative damage to DNA and inhibit inter­
action between DNA and methyltransferase. Ambient air 
pollutants have also been shown to affect the methylation 
levels of genes involved in inflammation and oxidative 
stress [42]. 

Studies by Breton et al. showed that exposure 
to PM25 altered the methylation of several genes in the 
nitric oxide synthase (NOS) pathway, suggesting that these 
particulates may alter the production of nitric oxide. Nitric 
oxide homeostasis plays an important role in modulation 
of airway vascular smooth muscle and inflammation and 
therefore altered NOS expression may adversely affect 
lung function. To better understand how multiple pathways 
potentially are involved in the pathogenesis of cardiovas­
cular disease, Bind et al. [44] developed a novel pathway 
analysis approach to determine whether genetic polymor­
phisrns within relevant pathways modified the association 
with exposure to particulate air pollution and expression of 
pathway-specific biomarkers. They observed a significant 
association between air pollution and expression of bio­
markers (e.g., C-reactive protein, intercellular adhesion 
molecule-1, and vascular cell adhesion molecule-1) of the­
se pathways and that the association was influenced by 
the genetic background. Also, the effects of time pattern 
(short and intermediate term) on biomarker expression was 
exposure specific 

Conclusion 

Despite substantial improvements in health care and envi­
ronmental health protection over the past 50 years, large 
disparities in health persist in the U.S. population. Socio­
economically disadvantaged groups and minority popula­
tions (e.g., African Americans and Hispanics) tend to have 
worse health outcomes, with respect to higher rates of dis­
ease and reduced life expectancy, compared to the overall 
population in the U.S. A more recent county­
based survey of the U.S. population found that disparities 
in life expectancy can be as much as 15 years in commu­
nities that are experiencing severe poverty [8]. Most 
distressing is the likelihood that such devastating disparities 
will increase as poverty grows, and African American and 
Hispanic populations become a significantly larger fraction 
of the U.S. population. Also, the epidemic of obesity, dia­
betes, and cardiovascular disease among these vulnerable 
populations may further increase because of the 
transgenerational effects of epigenetic modifications. The 
legacy of multiple generations of exposure to higher levels 
of environmental stressors is likely E?embeddedA in the 
epigenome. 
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The premise that environmental health risks are borne dis­
proportionatelyby socioeconomicallydisadvantagedcommu­
nities has gained wider acceptance over the past 25 years 

However,slow progress in understanding the relationship 
between neighborhood disadvantage and health disparities 
may be in part due to the lack of methodological tools to 
evaluate the cumulative effect of multiple environmental 
stressors on genetic substrates. The studies cited above pro­
vide a strong rationale to consider the I ink between epigenetic 
modificationsand health disparities, with theepigenomeserv­
ing as a biosensor of combined or cumulative exposure to 
diverse and multiple stressorsover the life course. The facts 
that epigenetic changes are durable and often preceded isease 
pathology make them useful as diagnostic indicators. Our pre­
diction is that there are disease- and exposure-specificsigna­
tures or profiles with respect to DNA methylation, histone 
modifications, and expression of non-coding RNAs. In com­
bination with transcriptomicsand metabolomics, one can fur­
ther gain an improved understanding of gene networks and 
metabolic pathways affected by the epigenetic modifications. 
However, not every modification will lead to altered gene 
expression; like single nucleotide polymorphisms,some will 
not have functional consequences. 

Another interesting feature of the epigenome is that the 
epigenetic modifications are reversible; B:lurable does not 
mean permanent'". Unlike mutations, which alter the nu­
cleotide sequence of DNA, the structures and mechanisms 
altered in the epigenome are still intact and therefore, can 
potentially be reversed by environmental amelioration, and 
by social or pharmacologic intervention. The most active 
and successful area of investigation involves the develop­
ment of inhibitors to block histone deacetylation and DNA 
methylation in the treatment of cancer [50]. Moreover, 
some success has been achieved by changing the neigh­
borhood environment. For example, as shown in a ran­
domized study conducted by the U.S. Department of 
Housing and Urban Development, the health status of chil­
dren considerably improved when moving from a high 
poverty neighborhood to a higher income neighborhood 
[51]. 
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